Abstract Past studies have focused on the composition of essential oil of Ocimum basilicum leaves, but data on composition and regulation of its aerial emissions, especially floral volatile emissions, are scarce. We studied the chemical profile, within-flower spatial distribution (sepals, petals, pistils with stamina, and pedicels), diurnal emission kinetics and effects of exogenous methyl jasmonate (MeJA) application on the emission of floral volatiles by dynamic headspace collection, and identification using gas chromatography-mass spectrometry (GC-MS) and proton-transfer reaction mass spectrometry. We observed more abundant floral emissions from flowers compared with leaves. Sepals were the main emitters of floral volatiles among the flower parts studied. The emissions of lipoxygenase compounds and monoterpenoids, but not sesquiterpene emissions, displayed a diurnal variation driven by light. Response to exogenous MeJA treatment of flowers consisted of a rapid stress response and a longer-term acclimation response. The initial response was associated with enhanced emissions of fatty acid derivatives, monoterpenoids, and sesquiterpenoids without variation of the composition of individual compounds. The longer-term response was associated with enhanced monoterpenoid and sesquiterpenoid emissions with profound changes in the emission spectrum. According to correlated patterns of terpenoid emission changes upon stress, highlighted by a hierarchical cluster analysis, candidate terpenoid synthases responsible for observed diversity and complexity of released terpenoid blends were postulated. We conclude that flower volatile emissions differ quantitatively and qualitatively from leaf emissions, and overall contribute importantly to O. basilicum flavor, especially under stress conditions.
Introduction
Sweet basil (Ocimum basilicum L.), native to India and Iran, is an economically important culinary herb with distinctive aroma and flavor. In addition to direct use of the herb as spice, the essential oil of its leaves and flowers is increasingly used as aroma additive in food and cosmetic industry, and there are extensive efforts to enhance the yield of essential oil of O. basilicum (Lee and others 2005) .
The chemical composition of the essential oil of O. basilicum has been studied extensively and it demonstrates considerable variability depending on cultivation conditions and geographical origin of plants (Abdollah and others 2013; Carovič-Stanko and others 2010; Kwee and Niemeyer 2011; Ameneh and others 2013; Sajjadi 2006) . Benzenoids (eugenol, methyl eugenol, methyl chavicol, and methyl cinnamate) and terpenoids (geraniol, linalool, myrcene, caryophyllene, and farnesol) are commonly observed as the dominant volatile compounds in O. basilicum determining its distinctive aroma (Abdollah and others 2013; Calín-Sánchez and others 2012) . However, analyses of the endogenous chemical compounds in the essential oil of O. basilicum can be importantly affected by the herbal collection, processing, and extraction procedures (Ormeño and others 2011) . The volatile compounds in O. basilicum are characteristically determined from dried plant material using hydrophobic solvents at high temperatures that can lead to the degradation and transformation of organic volatile compounds to derivative compounds not biologically synthesized by the plants (Díaz-Maroto and others 2004; Yousif and others 1999; Baritaux and others 1992) . Although steam distillation can constitute an alternative method, it only results extraction of relatively lowmolecular-weight volatile compounds present (Ormeño and others 2011 ). These difficulties can greatly limit the accuracy of identification of endogenous volatile composition of O. basilicum (Díaz-Maroto and others 2004; Baritaux and others 1992) . Furthermore, the spectrum of volatiles emitted from living plants under natural conditions can strongly differ from the plant essential oil composition (Steinbrecher 1989; Schürmann and others 1993; Ormeño and others 2007; Soran and others 2014) .
The majority of studies on O. basilicum volatiles have used vegetative tissues, in particular, its leaves (Iijima and others 2004b; Xie and others 2008) , whereas volatile analyses for reproductive tissues are scarce (Ameneh and others 2013; Chalchat and Ö zcan 2008) . Under natural conditions, the odor from O. basilicum leaves mainly acts as insect repellent, and also has antibacterial, antiviral, antifungal, and antioxidant activities (Abdollah and others 2013) . The odor of leaves of O. basilicum is often sensed as pungent by people, whereas flowers smell mildly sweet resembling hyacinth or citrus. Although self-pollination might be the most frequent event, O. basilicum is also known to be entomophilous and the presence of flowering individuals in a community can enhance the frequency of pollinator visits to flowers of other adjacent species (Pereira and others 2015) . Rather than pollinator attraction, the aerial emissions of floral volatiles from O. basilicum might play other biological roles similar to the volatile emissions from leaves.
Composition of floral scents emitted from plants are regulated by various internal and external factors including light and temperature, flowering stage (pre-and post-pollination ontogeny), and endogenous diurnal rhythms (Dudareva and others 2000; Dudareva and Pichersky 2000; Jiang and others 2011b; others 2014, 2015) . Therefore, the emissions vary qualitatively and quantitatively during anthesis. The diurnal rhythmic patterns of floral volatile release is either directly regulated by light (Jiang and others 2011b) or by the circadian clock (Zhuang and others 2008; Jiang and others 2011a; Kong and others 2012) , but it is unknown whether O. basilicum exhibits diurnal variations in volatile release and if it does, what factors are responsible for such diurnal variations. Understanding the diurnal variation patterns and their controlling mechanisms is of importance in explaining the biological role of floral volatile emission in O. basilicum.
Emission of volatiles from both vegetative and reproductive tissues is a key mechanism among the diverse array of responses employed by plants to withstand various biotic and environmental stresses (Niinemets and others 2013; Zheng and Dicke 2008; Peng and others 2011) . Exogenous application of methyl jasmonate, MeJA, an important signaling molecule, has been frequently shown to regulate the production and emission of volatiles from vegetative tissues of a broad range of plant species, and is thus commonly used to simulate defense responses similar to responses elicited by herbivore feeding or physical wounding (Abdollah and others 2014; Martin and others 2003; Semiz and others 2012; Ament and others 2004; Kegge and others 2013) . So far the majority of elicitor studies has been conducted with leaves, and studies on the effects of exogenous application of MeJA on flowers have been rare. Although generally well-protected by large investments in constitutive chemical defenses, there are multiple specialized floral herbivores (Theis 2006; Veromann and others 2013; Andrews and other 2007) , implying that flowers can be exposed to biotic stresses in natural conditions. Whereas terpenoid synthesis pathways are strongly up-regulated by MeJA in the case of leaves (Rodriguez-Saona and others 2001; Martin and others 2003; Degenhardt and Lincoln 2006) , the key question is to what extent can flowers respond to such elicitation.
We have used O. basilicum as a model to gain insight into the regulation of floral volatile emissions. We first compared volatile chemical compositions among flowers and leaves, and among flower parts to elucidate the correlation of the biosynthesis of the volatiles in different organs and flower parts in O. basilicum. Then we determined diurnal kinetics of floral emission both under light and dark conditions to estimate the extent of diurnal variability of emissions and gain insight into the mechanisms of possible emission variations. Ultimately, we explored the effects of MeJA on the emission of floral volatiles at both short and long term. Considering the strong constitutive emissions, our working hypothesis was that floral volatile release in O. basilicum exhibits moderate diurnal variations and distinct response to MeJA application, underscoring its potential ecological significance in the defense under biotic stress.
Materials and Methods

Plant Growth
Seeds of O. basilicum (Lot 8CJ311048, SC AGROSEL SRL, Romania) were sown in 1-L plastic pots filled with commercial potting soil with nutrients (Biolan Oy, Finland) and grown at 12-h light period under a light intensity of 250 lmol m -2 s -1 at the level of plants (Philips HPI/T Plus 400 W metal halide lamps) as described before (Copolovici and others 2012) . Temperature was maintained at 24°C day/20°C night and humidity at 60-70 %, and plants were watered daily to field capacity. Plants with about 10 inflorescences were used for the experiments. An individual inflorescence with 20 small flowers was carefully detached from the plant in the morning at 10:00, placed in a flask filled with distilled water, and transported to the laboratory for volatile analysis.
Volatile Collection and Analysis
To sample emitted floral volatiles from O. basilicum, each individual inflorescence was inserted in a glass chamber (3 L volume) of a multi-chamber gas-exchange system described in detail by Toome and others (2010) . Each chamber was operated with purified and humidified air at a flow rate of 1 L min -1 , and turbulent conditions in the chamber were achieved by a fan installed in each individual chamber. The light regime during measurements followed the growth light conditions with the light intensity of 200 lmol m -2 s -1 provided for 12-h day conditions. The temperature inside the chambers was between 24 and 26°C during the light period and 22°C during the dark period.
Volatiles were sampled from each chamber using multi-bed stainless steel cartridges (10.5 cm length, 3 cm inner diameter, Supelco, Bellefonte, PA, USA) using the method of Kännaste and others (2014) . For quantitative adsorption of volatiles, 4 L of chamber exhaust air with emitted volatiles was collected from every chamber at a flow rate of 200 mL min -1 for 20 min through the adsorption cartridge using a constant flow air sample pump (1003-SKC, SKC Inc., Houston, TX, USA). The cartridges were filled with Carbotrap C 20/40 mesh (0.2 g), Carbopack C 40/60 mesh (0.1 g), and Carbotrap X 20/40 adsorbents (Supelco, Bellefonte, USA; see Copolovici and others 2012 for further details). These chemically neutral carbon-based adsorbents enable trapping of unsaturated compounds without intervening chemical surface reactions that can, for instance, happen in oxidative atmospheres when using organic polymer adsorbents such as Tenax TA (Darmais and others 2000; Calogirou and others 1996) . The fresh mass of enclosed plant material was determined immediately after volatile collection, and dry mass was determined after oven drying at 70°C for 48 h. Only dry mass was used for the calculation of emission rates. Dry-to-fresh mass ratios of flower tissues are provided in Table 1 to allow for interconversion among dry and fresh mass.
Analysis of Terpenoid Compounds with GC-MS
Adsorbent cartridges were analyzed for volatiles with a combined Shimadzu TD20 automated cartridge desorber and Shimadzu 2010 Plus GC-MS system (Shimadzu Corporation, Kyoto, Japan) as described before (Toome and others 2010) . The compounds were identified by comparison of their mass spectra with those in the NIST library and in the custom-generated library and based on the identity of retention times and mass spectra of the authentic standards (GC purity, Sigma-Aldrich, St. Louis, MO, USA). The absolute concentrations of terpenes and fatty acid derivative products were calculated based on calibrations with external authentic standards. The background (blank) VOC concentrations measured with empty chamber were subtracted from the emission samples of the plants.
Determination of Variability of Emissions Among Leaves and Flowers and Flower Parts
Leaves, intact inflorescences, petals, sepals, stamina with pistils, and pedicels were carefully separated and enough plant material was collected. The biomass fractions were weighted and analyzed individually for volatile emissions to gain insight into the fine-scale spatial emission variability within plant organs, inflorescences, and individual flowers ( Table 1) .
The collection of volatiles emitted from leaves and flowers and flower parts was conducted in a 3-L glass chamber using the same procedures as described in the section Volatile collection and analysis. To minimize the effect of drying of the detached organs, flower parts were kept moist prior to measurement and volatile collection was conducted in humid chamber atmospheres and finished within 20 min of enclosure of the fresh organs. The analysis was replicated 6 times with different plants. We also note that the rate of volatile emission is typically much less sensitive to low water availability than the rate of other physiological processes such as photosynthesis (Niinemets and others 2010 for a review).
Monitoring of the Light-Dependent Kinetics of Terpenoid Emissions with PTR-MS
To analyze the endogenous versus light-dependent dynamics of emission of floral volatiles of O. basilicum, continuous measurements of volatile emissions from inflorescences of intact plants were carried out. The measurements were started at 10:00 a.m. every day under two light regimes: normal light/dark (12 h/12 h) cycle and continuous darkness. The kinetics of volatile emissions were monitored for a total period of 48 h with a protontransfer reaction quadrupole mass spectrometer (PTR-MS, high sensitivity version, Ionicon Analytik, Innsbruck, Austria) attached to a custom-made gas-exchange system that has the ability to measure both reference (incoming) and sample (outgoing) gas streams (Copolovici and Niinemets 2010 for system description). The inflorescences were enclosed in the temperature-controlled 1.2-L glass cuvette of the system and the measurements were carried out using ambient air purified by a charcoal filter and humidified by a custom-made humidifier as in other studies (for example, Bourtsoukidis and others 2014). The air flow rate was maintained at 1.6 L min -1 . During measurements of volatile emissions, the surface temperature of flowers was monitored by a thermocouple. The temperature of the measurement system was maintained at a constant level of 30°C by regulating the chamber temperature . Therefore, the effect of any differences in temperature, for instance, among measurements in the light and in the dark was excluded.
The flow of sample air from the chamber for PTR-MS measurements was 100 mL min -1 , and the PTR-MS measurements were conducted using standard measurement procedures (Beauchamp and others 2005; Copolovici and Niinemets 2010) . The PTR-MS was operated under standard conditions with drift tube voltage kept at 600 V and drift tube pressure at 2.3 mbar. Optimization of the instrument resulted in a high and sustained primary ion signal which enhanced the sensitivity of the measurements. The PTR-MS system was calibrated with a calibration standard mixture including key volatiles from different compound families (Ionimed analytic GmbH, Austria). The accuracy of the measurements was estimated to be better than ±15 %. The total amount of octadecanoid pathway products (LOX products) was found as the sum of individual protonated mass signals (m/z 57 . As PTR-MS cannot distinguish between volatile compounds with the same mass, such as different monoterpenoids, the contributions of individual monoterpenoids and sesquiterpenoids with the same mass were quantified by taking samples for gas chromatography-mass spectrometry (GC-MS) analyses as explained above. The rate of emission was estimated from the difference between the trace gas concentrations in incoming and outgoing gas streams according to Niinemets and others (2011) . The analysis was replicated 6 times with different plants.
The Effect of Methyl Jasmonate (MeJA) on the Emission of Floral Volatiles over Short and Long Term
Inflorescences with approximately 10 small flowers were selected for exogenous MeJA (Sigma-Aldrich) treatment. In the control treatment, detached flowers (with the cut end hold in distilled water) were sprayed with 10 mL 5 % ethanol solution in distilled water. In the MeJA treatment, detached flowers were sprayed with the solution of 10 mL 10 mM MeJA solution in 5 % ethanol. The treatment conditions were selected based on previous reports that demonstrated greater efficacy and repeatability of treatment with MeJA alcoholic solutions compared with distilled water solutions, reflecting much more uniform dispersion solutions of hydrophobic MeJA in alcohol than in water (Dinh and others 2013; Martin and others 2003) . After spraying, the inflorescences were immediately placed in the gas exchange system for the headspace collection. Headspace collections were performed at the time points of 20 min, 2, 10, and 24 h after the initiation of MeJA treatment using PTR-MS. The analysis was replicated 6 times with different plants. Although we used detached flowers, 
Statistical Analyses
Emission rates among organs and flower parts were compared by ANOVA. ANOVA was also used to test for the effects of time-dependent variations in emissions as driven by light and the effects of MeJA treatments. The statistical analyses were conducted with SAS (Version 8.02. SAS Institute, Cary, NC). The statistical tests were considered significant at P B 0.05. The characteristic feature of O. basilicum volatile blend is the richness of terpenoids. As different terpenoids synthesized by the same enzyme or through the same biochemical pathway often accumulate synchronously others 2011, 2009 ), statistical methods can be used to identify putative terpenoid synthases based on correlated emission profiles through time. Hierarchical cluster analysis is widely used to analyze data from DNA microarray experiments and other genomic datasets. Recently, this method has been elaborated to investigate the accumulation pattern of secondary metabolites (Chen and others 2009; others 2011a, 2011b) . We used the hierarchical cluster analysis to study time-dependent changes in the emission profiles of monoterpenoids and sesquiterpenoids in the inflorescences of O. basilicum. The emission rates of monoterpenoids and sesquiterpenoids identified from the flowers under eight conditions, control (20 min, 2, 10, 24 h) and MeJA treatment (20 min, 2, 10, 24 h), were used in this analysis. The cluster analysis was conducted by the Cluster 3.0 software (Version 1.39, Stanford University, Stanford Microarray Database, Stanford, CA, US) using the average linkage analysis with calculated weight as the clustering method as applied before (Chen and others 2009) . Before the cluster analysis, procedures of ''Filter Data'' (with the settings of % Present C80, SD (Gene Vector) = 2, at least X Observations with abs (Val) C2, MaxVal-MinVal C2) and ''Adjust Data'' were carried out (Chen and others 2009) . Heat maps were created using the Java TreeView 1.60 software (Stanford University, Stanford, CA, US).
Results
Differences in Volatile Emissions Among Vegetative and Reproductive Tissues and Among Flower Parts
To gain insight into the correlations among volatile emissions between vegetative and reproductive organs, and analyze the variability of emissions among flower parts, emissions of volatiles from leaves, intact inflorescences, petals, sepals, stamina with pistils, and pedicels were analyzed under the same environmental conditions. In total, 29, 39, 37, 10, 9, and 14 volatile chemicals (Table 2) ), respectively (Fig. 1) . Reproductive organs (intact inflorescences) exhibited 3.4-fold higher volatile emissions than vegetative organs (leaves). Among the reproductive organs, sepals are the main emitters of volatiles with the composition of emissions being dominated by terpenoids (26.6 % monoterpenoids and 48.1 % sesquiterpenoids) and fatty acid derivatives (21.4 %), and with a minor proportion (4.9 %) of benzenoids. b-pinene was the dominant monoterpene and a-bergamotene was the dominant sesquiterpene in sepals. Eugenol was the only benzenoid compound identified from leaves, intact flowers, and sepals. Composition and emission rate of volatiles detected from petals, stamina with pistils, and pedicels were similar with a low amount of sesquiterpenes and with no detectable eugenol emission.
Emission Dynamics of Floral Volatiles
The emissions of different volatile groups exhibited contrasting temporal patterns. The emission of LOX compounds decreased first with the minimum emission observed at about 4 h after enclosure of inflorescences in the chamber (14:00 p.m.) and increased continuously with the maximum emission observed at about 18 h after start of measurements the next day at 4:00 a.m. (Fig. 2a) . The emission of monoterpenoids decreased continuously and showed a second moderate elevation in 10 h after enclosure at about 20:00 p.m. (Fig. 2b) . The emission of sesquiterpenoids declined continuously during the whole 48-h measurement period without any rhythmic pattern (Fig. 2c) .
To determine whether the observed rhythmic emission pattern of floral volatiles is light dependent, flowers of O. basilicum were placed in continuous darkness for 48 h. In dark, the emissions of LOX compounds, monoterpenoids, and sesquiterpenoids decreased continuously without Fig. 2a-c) . The total emissions of LOX and monoterpenoids and average emission rate of monoterpenoids under constant light condition were significant higher than those under constant darkness, while differences in total emission and average emission rate among light and dark were negligible for sesquiterpenoids (Fig. 3a, b) . This evidence suggests that the emission kinetics of LOX compounds and monoterpenoids, but not sesquiterpenoids, is regulated by light.
Effect of Exogenous MeJA on the Emission of Floral Volatiles
To simulate effects of biotic stress, in particular, herbivore feeding, on floral volatile release, inflorescences were sprayed with MeJA, the plant hormone synthesis of which is elicited upon herbivore attack. After treatment, dynamics of leaf damage and volatile emissions over short and long term was monitored. The visual damage symptoms, wilting, and progression of desiccation and necrosis of flower parts, especially on the petal surfaces, were monitored in the course of 24 h MeJA treatment (Fig. 4) . The emissions of different volatile classes displayed distinctive patterns after the application of MeJA. In the short term, the emission of total fatty acid derivatives (3.5-fold greater than in controls; Fig. 5a ), monoterpenoids (2.4-fold greater; Fig. 5b ), and sesquiterpenoids (3.9-fold greater; Fig. 5c ) were all significantly increased already in 20 min after initiation of MeJA treatment. However, after 2 and 10 h, the total emission rate of fatty acid derivatives was no longer different from the control treatment (Fig. 5a ), while total monoterpenoids reached to 3.6-fold and 3.2-fold higher values compared with the controls, respectively (Fig. 5b) . Sesquiterpenoid emissions reached to 5.8-fold and 4.3-fold higher values compared with the controls after 2 and 10 h, respectively (Fig. 5c) . After 24 h, no significant differences among MeJA-treated and non-treated plants were observed for any volatile class. Among the individual compounds, nonanal (33.7 %) and decanal (28.5 %) were the dominant fatty acid derivatives exhibiting significantly enhanced emissions in 20 min since the start of the MeJA treatment. b-Pinene (39.5 %), a-pinene epoxide (10.4 %), limonene (15.9 %), and cis-b-ocimene (11.0 %) were the dominant monoterpenoids in 20 min after MeJA spraying (Fig. 6a) , while abergamotene (41.0 %) and cubenol (15.7 %) were the dominant sesquiterpenoids in 20 min since the start of the treatment (Fig. 6b) . At this early stage of the induction response, the composition of emitted mono-and sesquiterpenes was similar among treated and non-treated plants (Fig. 6a, b) . However, in 10 h, the compositions of mono-and sesquiterpenoids in treated plants differed significantly from those in the controls, with b-pinene (13.3 %), trans-b-ocimene (16.5 %), limonene (17.6 %), cis-b-ocimene (24.5 %), and linalool (10.2 %) being the dominant monoterpenoids (Fig. 6a ) and trans-abergamotene (23.3 %), a-caryophyllene (17.8 %), and bfarnesene (14.8 %) being the dominant sesquiterpenoids (Fig. 6b) in MeJA-treated plants. This evidence suggests that the first burst of the volatile emission including fatty acid derivatives, monoterpenoids, and sesquiterpenoids Volatiles were collected at four time points (20 min, 2, 10, and 24 h) after the initiation of the treatments. Asterisks denote statistically significant differences at P B 0.05 according to ANOVA analyses reflected an enhancement of constitutive emissions without changes in the composition, while the second emission burst of terpenoids with significant variation of the composition reflected MeJA effects at gene expression and protein synthesis levels.
Cluster Analysis of Putative Terpenoid Biosynthesis Pathways Based on Floral Volatile Emissions
Our cluster analysis based on time-dependent changes in emission profiles using 13 monoterpenoid compounds (8 monoterpene and 5 monoterpene oxides) divided the monoterpenoids into five clades (Fig. 7a) , suggesting that at least 5 monoterpene synthase genes are involved in the biosynthesis of monoterpenoids emitted from the flowers of O. basilicum. The second cluster analysis with 17 sesquiterpenoid compounds (13 sesquiterpene and 4 sesquiterpene oxides) divided the emitted sesquiterpenes into three clades (Fig. 7b) , suggesting that at least three sesquiterpene synthase genes are involved in the production of sesquiterpenoids that constitute the floral emission blend in O. basilicum.
Discussion General Characteristics of O. basilicum Volatile Emissions
Because of its distinctively pungent and sweet aroma and flavor, sweet basil is a highly popular spice all over the world. Many studies have investigated the composition of O. basilicum essential oil mainly focusing on leaves (Abdollah and others 2013; Carovič-Stanko and others 2010; Kwee and Niemeyer 2011; Ameneh and others 2013; Lee and others 2005) . However, as discussed in ''Introduction'' section, the essential oil composition can be strongly driven by plant material preparation and essential oil extraction methods, for example, steam distillation versus high-temperature extraction with hydrophobic solvents. Due to the methodological issues, as well as due to compound-tocompound differences in solubility of volatile compounds in leaf liquid and lipid phases and specialized storage structures (Niinemets and others 2004) , one should not expect a direct correlation between volatile content and emission profiles. We argue that the aerial volatiles collected from the headspace provide a more accurate indicator of the odor of O. basilicum sensed by the human olfactory system. In this study, we systematically investigated the emission of volatiles from leaves, intact flowers, and different flower parts. Headspace collection and identification by GC-MS demonstrated that flowers emit volatiles with a higher rate than leaves (Fig. 1) . We have further demonstrated that the sesquiterpenoids were the main compounds in the emission blend of O. basilicum (Table 2) , which is not consistent with the previous reports that suggested that the essential oil of O. basilicum leaves and flowers is primarily dominated by oxygenated benzenoids and monoterpenes (eugenol, methyl chavicol, geraniol, linalool, 1,8-cineole) . On the other hand, several compounds reported to be present in the essential oil could not be detected in the headspace of leaves and flowers. For example, eugenol was the only benzenoid compound identified in the volatile emissions of O. basilicum, while several other benzenoids, especially some methyl esters (methyl eugenol, methyl chavicol, and methyl cinnamate) are commonly identified in the essential oil. In addition, the fraction of oxygenated monoterpenes is characteristically greater in the essential oil than in the headspace collection. This could indicate a greater share of compounds from specialized storage structures detected in the essential oils as well as possible chemical transformations during essential oil extraction.
Spatial and Temporal Controls on the Floral Emissions
To understand the spatial variation in the release of floral volatiles, different flower parts were separately measured. Commonly, petals and/or pistils and stamina constitute the main source of flower volatiles others 2003, 2005) . Unexpectedly, in O. basilicum, sepals rather than petals or pistils and stamina were found to be the main emitter of volatiles ( Fig. 1 ; Table 2 ). Given that the biological function of sepals is mainly defense, we argue that the volatile release of sepals might also be chiefly associated with defense. Furthermore, we found important differences in the emission spectrum among sepals and the other flower parts ( Fig. 1 ; Table 2 ). In particular, myrcene and 1,8-cineole were emitted from petals, pistils, and stamina as the dominant compounds. Despite being mainly a self-pollinating species (Pereira and others 2015) , such differences suggest the potential role of these compounds in attracting the pollinators for cross-pollination. The release of floral volatiles, regulated by both internal and external factors can strongly vary during the day others 2014, 2015) . Such diurnal patterns could reflect an endogenous rhythm or light-dependent changes in substrate availability for the synthesis of these compounds or both. In our study, real-time flower emission kinetics were tracked over two photoperiods (48 h) using a state-of-the-art proton-transfer reaction mass spectrometer (PTR-MS). We found a clear rhythmic pattern in the emissions of LOX and monoterpenoids with the second emission maximum observed at about 4:00 in the morning. Under dark conditions, this second emission maximum was missing, although the emissions in darkness still occurred at a moderate level. This evidence suggests that LOX and monoterpene emissions can be regulated by changes in the activity of rate-controlling enzymes and/or by changes in substrate availability. Especially in the case of monoterpenes that are synthesized in the plastids, two different emission pathways have been demonstrated in several plant species: emissions from storage structures and emissions of de novo synthesized monoterpenes from plastids (Grote and others 2013) . Emissions from storage structures are typically independent of light, while emissions from photosynthesizing plastids, chloroplasts, are strongly light dependent due to light effects on the substrate pool size (Komenda and Koppmann 2002; Tarvainen and others 2005; Grote and others 2013) . Given that green sepals had the highest emission rates in O. basilicum, contribution of de novo light-dependent monoterpene emissions to diurnal emission dynamics is likely.
MeJA-Dependent Elicitation of Floral Emissions
To our knowledge, very few studies have investigated the effects of MeJA on the emission of floral volatiles (Kessler and others 2011) . In our study, we found evidence of both an immediate stress response and a longer-term acclimation response in MeJA-treated flowers of O. basilicum. The immediate stress response in 20 min after MeJA treatment was associated with enhanced emissions of fatty acid derivatives and terpenoids (Fig. 5a, b) , but the composition of individual compounds was similar in MeJA-treated and control leaves. We suggest that the first synchronous enhancement of emissions of fatty acid derivatives and terpenoids is caused by rapid damage at membrane level as observed upon severe stress when LOX-dependent stresssensing pathways are activated (Liavonchanka and Feussner 2006; Wang and others 2008; Andreou and Feussner 2009) . Upon membrane damage, free fatty acids are released, leading to formation of volatile LOX products. On the other hand, membrane damage leads to the leakage and burst of terpenoid volatiles constitutively present in cytosolic plastoglobuli as well as in the oil glands (Flinn and others 1993; Brilli and others 2011) . Although such a rapid response is characteristically observed upon physical wounding (Hudgins and others 2004) , no study has yet reported such an instantaneous terpenoid emission pattern in response to MeJA treatment. The second, induced response, is commonly observed, but it typically starts in several hours after MeJA application (Noge and others 2011) . It is likely that due to low time resolution in volatile detection in most previous studies, this initial stress response could have been remained undetected.
In 10 h after MeJA application, terpenoid emissions were enhanced again, but the composition of emitted terpenoids in MeJA-treated flowers at that moment of time was significantly different from the controls (Fig. 6) . Previously, the content of terpenoids in O. basilicum leaves was reported to be significantly increased by MeJA treatment over a longer time period (4 days; Li and others 2007) . Thus, we suggest that the second peak of floral emission of monoterpenoids and sesquiterpenoids primarily reflected a gene expression level response, regulated by the overexpression or silencing of specific terpene synthases (TPS).
This evidence collectively indicates that flowers have a large capacity to respond to jasmonic acid signaling pathway elicitors similarly to foliage tissues, overall suggesting that biotic stress can importantly modify floral terpenoid biosynthesis and emission in O. basilicum.
Possible Molecular Basis of Changes in the Emission Blends
In this study, terpenoids were found as the main and most diverse component in floral emissions of O. basilicum. What could be the molecular basis for the overall abundance and diversity of terpenoids detected in floral emissions in this species? To gain an insight into the genetic complexity of terpene biosynthesis in O. basilicum, we analyzed the emission profiles in control and MeJA-treated plants through the experimental treatments. Important variations in the blend of emitted terpenoids were observed in this experiment, reflecting changes in regulation of expression of TPS genes. Although terpenoid synthases typically catalyze formation of multiple products (Chen and others 2011; Rajabi Memari and others 2013) , proportions of terpenes synthesized by different terpenoid synthases are typically different (Chen and others 2009 ). On the other hand, multiple products of a single TPS often share a similar type of cyclization (Chen and others 2011; Keeling and others 2011) . Thus, differences in product profiles of different synthases and differences in expression regulation could be used to identify the minimum number of synthases responsible for the overall emission spectrum. Based on a hierarchical cluster analysis, we separated eight clades (Fig. 7) , each characterizing a similar pattern of terpene accumulation through the MeJA application treatment, suggesting that the terpenes in each clade are synthesized by at least one different TPS enzyme. In our study, each of the clades showed a specific type of cyclization, supporting the assumption that the terpenoid products of each clade are formed by one TPS, although we cannot rule out that several similar co-expressed TPSs are involved. Based on this reasoning, at least five TPS enzymes are involved in the production of monoterpenes and at least three TPS enzymes are involved in the production of sesquiterpenes in O. basilicum under control and MeJAelicited conditions.
In previous studies in O. basilicum, transcript abundance of genes related to terpene synthesis, including the key genes involved in mevalonate (MVA)/non-mevalonate (MEP) biosynthetic pathways and putative TPS, has been characterized by read mapping and transcript abundance measurements and Real-time PCR analyses (Rastogi and others 2014; Iijima and others 2004b; Xie and others 2008) . Several TPS genes expressed in leaves have also been functionally characterized others 2004a, 2004b) , and facilitate gaining an insight into the production of terpenoid compounds from flowers, especially under stresses. By comparison of our cluster analysis of floral terpenoids with the terpene products of TPS identified in the study of Iijima and others (2004a, b) , we found that several TPS inferred to be involved in the production of floral volatiles in our study correspond well to the TPS isolated from O. basilicum leaves (Iijima and others 2004b) . For example, the postulated MonoTPS3 and MonoTPS5 genes in our study correspond to MYS (bmyrcene synthase) and TES (terpinolene synthase) genes, respectively, whereas the SesTPS3 gene in our study corresponds to the ZIS (a-zingiberene synthase) gene in the Iijima and others (2004a) study. This evidence supports the use of cluster analysis as a tool to identify putative TPS responsible for the terpene blend in flower emissions.
However, mono-and sesquiterpene oxides, which were also included in the cluster analyses, are formed from corresponding mono-or sesquiterpenes by enzymes from another gene family, typically by cytochrome P450-dependent oxidases (a superfamily of terminal oxidase enzymes in electron transfer chains) (Dixon 1999; Li and others 2002; Rastogi and others 2014) . Nevertheless, the production of mono-and sesquiterpene oxides occurs almost synchronously with their corresponding monoterpene or sesquiterpene substrates (Bell and others 2001) , explaining classification of these compounds with their corresponding substrate molecules (for example, a-pinene oxide with a-pinene in clade 1, Fig. 7a ). Combining the results of variable compositions of monoterpenoids and sesquiterpenoids after 10 h of MeJA treatment with cluster analysis, we hypothesize that the down-regulated expression of monoterpene synthase (Mono TPS 1), producing cyclic a-pinene, and up-regulated expression of monoterpene synthase (Mono TPS 3), producing acyclic linalool and b-ocimene, mainly contribute to the variation in the composition of monoterpenoid compounds. Typically, linalool and b-ocimene are the key stress-elicited monoterpenes (Crowell and others 2002; Martin and others 2003; Li and others 2007) . Similarly, down-regulated expression of sesquiterpene synthases (SesTPS 2 and SesTPS 3) with trans-a-bergamotene and cubenol as the dominant products and up-regulated expression of sesquiterpene synthase (SesTPS 1) with dominant products of characteristic stress-sesquiterpenes a-caryophyllene and b-farnesene may contribute to the changes in the composition of sesquiterpenoid compounds in floral volatile blend after 10 h of MeJA treatment.
Conclusion
Studies on the regulation of emission and biosynthesis of floral terpenoids are important for selection of optimum time periods and tissue fractions for collection of floral volatiles. We have used O. basilicum as a model to elucidate the profile, spatial distribution, kinetics and MeJA elicitation of emissions of floral volatiles by dynamic headspace collection, and identification using GC-MS and proton-transfer reaction mass spectrometry (PTR-MS). We separated the sources of flower volatile production among different flower parts and demonstrated important diurnal and MeJA-dependent regulations. Based on hierarchical cluster analyses, a putative genetic structure of floral terpenoid biosynthetic pathway was proposed to explain the diversity and complexity of floral volatiles in O. basilicum. Future molecular studies isolating and functionally characterizing key TPS genes expressed in flowers of O. basilicum are needed to confirm the postulated genetic basis of regulation of emission profiles upon stress. Such studies would facilitate modification of the volatile composition by genetic approaches and create novel cultivars with milder or stronger scents.
